Abstract: Silver nanoparticles (Ag NPs) are one of the most common nanomaterials present in nanotechnologybased products. Here, the physical chemical properties of Ag NPs suspensions of 44 nm, 84 nm and 100 nm sizes synthesized in our laboratory were characterized. The NM-300 material (average size of 17 nm), supplied by the Joint Research Centre Nanomaterials Repository was also included in the present study. The Ag NPs potential cytotoxicity was tested on the Balb3T3 cell line by the Colony Forming Efficiency assay, while their potential morphological neoplastic transformation and genotoxicity were tested by the Cell Transformation Assay and the micronucleus test, respectively. After 24 h of exposure, NM-300 showed cytotoxicity with an IC50 of 8 µM (corresponding to 0.88 µg/mL) while for the other nanomaterials tested, values of IC50 were higher than 10 µM (1.10 µg/mL). After 72 h of exposure, Ag NPs showed size-dependent cytotoxic effect with IC50 values of 1.5 µM (1.16 µg/mL) for NM-300, 1.7 µM (1.19 µg/mL) for Ag 44 nm, 1.9 µM (0.21 µg/mL) for Ag 84 nm and 3.2 µM (0.35 µg/mL) for Ag 100 nm. None of the Ag NPs tested was able to induce either morphological neoplastic transformation or micronuclei formation.
Introduction
According to the Woodrow Wilson inventory [1], silver nanoparticles (Ag NPs) are one of the most present NPs in nanotechnology-based products. Silver salts have been used for a long time in bacterial disinfection and since the microbial resistance to antibiotics is continuously increasing, Ag NPs as well as different types of metallic NPs such as copper, zinc, titanium, magnesium and gold are now considered to be promising effective inhibitors of bacterial growth [2, 3] . Because of these antibacterial properties, Ag NPs are suitable for a wide range of uses that include drinking water treatment, drug delivery, silver-embedded clothing, food-industry, paints and cosmetics. Moreover, their unique plasmon-resonance properties make them interesting for bio-sensing and imaging [4] .
Applications in different fields of Ag NPs are promising and new methods of synthesis, which at the same time control the particles size and avoid environmental toxicity or biological hazards [5] are being developed. However, many adverse toxicological effects on living organisms are still reported. Generally, it is recognized that toxicity and antibacterial activity are related to the release of Ag+ ions from the Ag NPs [6] but the efficiency of these effects can be modulated by the NPs uptake or the interaction of NPs with different biological compartments [7, 8] . Colloidal aqueous suspension of spherical Ag NPs of 7-20 nm induce cytotoxicity on primary mouse fibroblasts and primary liver cells; moreover they induce oxidative stress as reduction in the glutathione (GSH) level, and increase of reactive oxygen species (ROS) and lipid peroxidation on human skin carcinoma cells (A431) and human fibrosarcoma cells (HT-1080) [9, 10] . PVP-coated Ag NPs of 30-50 nm and starch-coated Ag NPs of 6-20 nm induce ROS production on human alveolar cell line (A549), on human lung fibroblasts cells (IMR-90) and on human glioblastoma cells (U251), respectively [11, 12] , and for starch-coated Ag NPs, a reduction in the ATP content and DNA damage are also noted [12] . Ag nano-spheres of 30 nm were found to be cytotoxic and genotoxic on medaka fish cell line (OLHNI2) [13] . PVP-coated Ag NPs of 25 nm are able to pass through intact and damaged human skin in vitro [14] and colloidal citrate coated powder form Ag NPs are cytotoxic and genotoxic on human keratinocytes cells (HaCaT) [15] .
In vivo studies report that 1 mg/kg of Ag NPs (22, 42, 71 and 323 nm) administered by ingestion to mice over 14 days produced no difference in the body or organs weight between the treated and the control groups [16] . However, smaller Ag NPs were found distributed in several tissues (brain, lung, liver, kidney and testis), while larger NPs were not. The same group has demonstrated that repeated doses of 42 nm uncoated Ag NPs were able to induce significant inflammation, involving increase of the cytokines produced, B cells distribution and tissue infiltration of inflammatory cells [16] . Distribution and accumulation of three different Ag NPs sizes (20, 80 and 110 nm), administered by intravenous injection in rats once daily for 5 days, were found for the smallest Ag NPs (20 nm) in liver, kidneys and spleen, and for the larger Ag NPs (80 and 110 nm) in spleen, liver and lung [17] . The size-dependent distribution suggests those organ can be potential targets for Ag NPs in a size-dependent way.
Many results of in vitro toxicity of Ag NPs on mammalian cells are available but it seems very difficult to compare them mainly due to the differences in physicochemical characteristics, such as surface chemistry, presence of coating, size and experimental conditions and the in vitro systems and methods used [4, 18] .
In this work, we studied the in vitro toxicological profile of Ag NPs of 44 nm, 84 nm and 100 nm sizes, freshly synthesized in our laboratory, and of NM-300 (17 nm) Ag NPs material supplied by the JRC Repository as reference material for in vitro studies. The nanomaterials tested were produced using different methods of synthesis and were extensively characterized in terms of size distribution, surface charge, morphology and behavior in cell culture medium. Using selected in vitro assays such as Colony Forming Efficiency (CFE), Cytokinesis-Block Micronucleus (CBMN) test, and Cell Transformation Assay (CTA), we evaluated the cytotoxic and genotoxic effects and the induction of morphological neoplastic transformation. This last is considered an end point of carcinogenic potential on the immortalised mouse fibroblasts cell line (Balb3T3) [19] [20] [21] . The Cell Transformation Assay using Balb3T3 or Syrian Hamster Embryo cells (SHE) have undergone a pre-validation study led by the European Centre for the Validation of Alternative Methods (ECVAM) as one step towards integrating it in the OECD test guidelines programme. Even if the CTA system is not complex enough to mimic the whole carcinogenic process in vivo and to completely replace the 2-year rodent carcinogenicity bioassay, it represents a valuable support in identifying carcinogenic potential of chemicals and improving the current state of predictive toxicology [22, 23] .
Materials and methods
Ag 44 nm, Ag 84 nm and Ag 100 nm were synthesized by us, following a procedure reported elsewhere [24] . Ag 44 nm, Ag 84 nm and Ag 100 nm were supplied as aqueous dispersions of 0.25% w/v D-lactose, 0.18% w/v D-(+)-maltose and 0.15% w/v L-(+)-arabinose as stabilizing agents, respectively, and at the concentration of 1 mM in Ag.
NM-300 Ag NPs were supplied by the Joint Research Centre Nanomaterials Repository in aqueous dispersion with stabilizing agents, 4% w/w each of Polyoxyethylene Glycerol Trioleate and Polyoxyethylene (20) Sorbitan Mono-Laurate (Tween 20), 10.16% w/w of Ag, corresponding to 930 mM.
The two sets of samples, Ag 44, 84, 100 nm and NM-300 have thus clearly different surface compositions due to the different processes of preparation. The organic layers on these NPs are weakly bonded and can be displaced by a reaction with molecules of higher affinities. However, the exact composition of the NPs near the surface layer is very complex [25] and beyond the scope of this paper. This point has to be kept in mind in the comparisons done later on in this article. Table 1 Expression of Ag NPs concentrations tested as µM, µg/mL and number of NPs/mL. For Ag 44, 84 and 100 nm, the DLS diameter values have been used for the calculation of the number of NPs/mL and the surface area; while for NM-300, the STEM diameter value has been taken into account.
All Ag NPs
Number Table 1 presents the concentrations used in the biological experiments expressed as micro-molarity (µM), micrograms of Ag per mL (µg/mL), number of Ag NPs per mL (number NPs/mL) or per surface area (cm 2 /mL). The number of NPs per mL was calculated using the following formula: number of NPs/mL = a/mNP, where: a = concentration of NPs (g/L); mNP = mass of one nanoparticles calculated as volume of a single spherical NP multiplied by the density (ρ = 10.5 g/cm 3 ). While the surface area of Ag NPs was calculated using the following formula:
, where: ρ is the Ag density (10.5 g/cm 3 ); d is the NPs diameter (cm); m is the molar mass of Ag (g/mole); M is the molarity (mole/L).
For the calculations, we considered sizes measured in ultrapure water by STEM (FEI-Nova Nanolab 600I, Milan, Italy) for NM-300 and by Dynamic Light Scattering (DLS, Zetasizer Nano Zs, Malvern Instruments; Malvern, UK) for Ag 44 nm, Ag 84 nm and Ag 100 nm ( Table 2 ).
Ag NPs physicochemical characterization
The size distribution was assessed by Nanoparticle Tracking Analysis with a Nanosight LM20-XFT (Nanosight Limited, Amesbury, UK) and by DLS that was also used to measure the Ag NPs Z-potential. The DLS measurements were performed on a 1 mL sample volume on a Zetasizer Nano Zs (Malvern Instruments; Malvern, UK, used also for Z-potential measurements) following the protocols indicated by ISO 13321:1996 and ISO 22412:2008. NPs suspensions were diluted, reaching the final concentration of 100 µM used for the analysis, in MilliQ water for size distribution and Z-potential measurements, and in low glucose cell culture medium (Minimum Essential Medium with Earle's salts and L-glutamine, MEM) added with 1% v/v of penicillin/streptomycin (10 4 Units/mL), 10% v/v of Fetal Bovine Serum Australian Origin (complete cell culture medium) for size distribution evaluation in complete medium. All the cell culture reagents were supplied by Invitrogen (Milan, Italy). Samples, prepared in MilliQ water, were immediately analysed (time 0), while samples in complete culture medium were analyzed at time 0 and after 24 and 72 h of incubation under standard culture conditions (5% CO 2 , 37°C, 90% of humidity, HER-AEUS, Hera cell 150, ThermoElectron Corporation, Langenselbold, Germany). In the case of NM-300, STEM analysis (FEI-Nova Nanolab 600I, Milan, Italy) coupled to ImageJ image analysis, as well as Disk Centrifuge Sedimentation (CPS disc centrifuge DC24000, CPS Instruments Europe, Oosterhout, The Netherlands) were carried out.
Inductively Coupled Plasma Mass Spectrometry (ICP-MS 7700 series, Agilent Technologies, Milan, Italy) technique was used to detect metal impurities and ion leaching in all Ag NPs stock suspensions. Before the analysis, samples were mineralized with concentrated nitric acid (Sigma-Aldrich, Milan, Italy) and digested in a microwave oven (CEM Explorer, Bergamo, Italy at 200°C of temperature and 0.069 bar of pressure for 5 min).
Moreover, Ag ions released from the NPs in cell culture medium were determined analyzing 10 µM Ag NPs suspension in culture medium at time 0 and after 24 and 72 h of incubation in standard cell culture conditions. For each exposure time and for each Ag NPs, 2 mL of sample suspension were prepared and incubated. From every sample, two fractions were collected as an unfiltered aliquot and a filtered one. The unfiltered fractions were used to quantify the total amount of Ag in the sample, while the Ag leaching was measured in the filtered fractions, obtained by centrifugation (2400 × g for 10 min) of samples in 4 mL membrane tubes (10 4 K, Amicon ® Ultra-4, Millipore, Milan, Italy). Samples of 500 µL were mineralized with concentrated nitric acid and digested in a microwave oven (CEM Explorer, Bergamo, Italy at 200°C of temperature and 0.069 bar of pressure for 5 min).
Cell line and culture conditions
Balb3T3 mouse fibroblasts, clone A31-1-1, were supplied at passage 13 by the Hatano Research Institute, Japan. Cells were cultured, under standard cell culture conditions, in complete cell culture medium and maintained in culture in a subconfluent state for a maximum of 10 passages after thawing [(13 (+10) ]. Defrosted cells were subcultured up to three passages before using them for cytotoxicity and genotoxicity assays, while they were thawed and used after 3 days in culture, at passage 13 (+1), for the morphological transformation assay.
Colony Forming Efficiency (CFE) assay
The Colony Forming Efficiency (CFE) assay was used to assess the Ag NPs cytotoxicity on Balb3T3 after 24 and 72 h of exposure. Cells were seeded at a density of 200 cells/dish (60 × 15 mm Petri dish, 19.3 cm 2 bottom surface area, Falcon, Italy; three replicates for each treatment) in 3 mL of complete culture medium. After 24 h, aliquots of Ag NPs treatment suspensions were directly added to the cell culture to obtain final concentrations ranging from 0.01 µM to 10 µM for the 72 h treatments and from 0.1 µM to 10 µM for the 24 h treatments. The experiment was repeated at least three times including a negative control (untreated cells), a positive control (Na 2 CrO 4 10 -3 M, CAS N. 10034-82-9, Cat N. 013453, AlfaAesar, Johnson Matthey GmbH) and the appropriate solvent controls (Ag NPs solvents were tested at the maximum concentration present in the maximum dose of the respective Ag NPs tested). After 24 or 72 h of exposure, the treatments were removed and replaced with complete culture medium. After 8 days from the Raw data from CFE experiments were normalized to the respective solvent control for each independent experiment. Cytotoxicity was expressed as CFE (% of the respective solvent control) ± standard error mean (sem, standard deviation/√number of replicates), where: CFE% = (average of treatment colonies/average of solvent control colonies) × 100.
After normalization, statistical significances versus the respective solvent controls were calculated by one-way ANOVA analysis (GraphPadPrism4 statistical software, GraphPad Inc., CA, USA). Results showing p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***), were considered statistically significant.
Cell Transformation Assay (CTA)
The morphological neoplastic transformation potentially induced by Ag NPs was evaluated by Cell Transformation Assay (CTA).
Cells were seeded at the density of 2 × 10 4 cells/dish (100 mm × 20 mm, Cat n. 353003, Falcon, Italy) in 6 mL of complete cell culture medium (day 0). After 24 h (day 1), the Ag NPs suspensions were added to each Petri dish reaching the testing concentrations ranging from 0.5 to 5 µM. Negative control, positive control (4 µg/mL of 3-methyl cholanthrene, CAS N. 56-49-5, Sigma-Aldrich, Milan, Italy) and solvent controls were included. After 72 h of incubation (day 4), the treatment was removed and replaced with fresh complete medium. Starting from day 7, the medium was changed twice/week using DMEM/F-12 (1:1) added with 2% v/v of Fetal Bovine Serum (Australian origin, Lot N. 6792117Y), 1% v/v of penicillin/streptomycin (10000 Units/mL) and 0.1% v/v of insulin. All the reagents were supplied by Invitrogen (Milan, Italy) except insulin that was from Sigma-Aldrich (Milan, Italy). At day 24 the last medium change occurred and cells remained in culture for other 7 days [21] .
At day 31, cells were fixed and stained as described for the CFE assay. Dishes were dried under air and type III foci were manually scored under a stereo microscope.
Transformation results were expressed as transformation frequency (T f ) (average of three independent experiments) ± sem calculated with the following formula: 
Cytokinesis-Block Micronucleus assay (CBMN)
The Cytokinesis-Block Micronucleus assay was performed to detect DNA damage induced by Ag NPs on Balb3T3 cells.
On day zero, 3 × 10 5 cells/well (6-well plate, Corning Costar, Milan, Italy) were seeded in 4 mL of complete cell culture medium in each well.
After 24 h (day 1) cells were treated with NPs suspensions at the concentrations of 1, 5, 10 µM and incubated for 24 h. Mitomycin C at the concentration of 0.5 µM (MMC, Kyowa Italiana Farmaceutici) was used as a positive control and solvents of each Ag NPs preparation were tested as described above. After exposure (day 2), treatments were removed and each well was washed twice with phosphate buffered saline (PBS). Then, in order to block cell division, cells were exposed to a solution of 0.75 μg/mL of Cytochalasin B (Sigma-Aldrich, Milan, Italy) prepared in complete culture medium. After 24 h (day 3), cells were harvested and centrifuged (250 × g). The supernatant was removed leaving 0.5 mL of culture medium at which 80 µL of prefixing solution of methanol/acetic acid (3:5) were added; cells were gently suspended and 1 mL of methanol was added. All sample were located at -20°C overnight.
The day after (day 4), cells suspensions were centrifuged (250 × g), the supernatant was removed leaving 0.5 mL of solution and 1 mL of fixing solution of methanol/acetic acid (6:1) was added. Cells were gently suspended, centrifuged (250 × g) and the supernatant was removed leaving 0.5 mL of solution. This last procedure was repeated twice. The solutions obtained were dropped on cold glass slides and dried at room temperature overnight. The slides (two replicates for each sample) were then stained with a 2% v/v of Giemsa (Sigma, Italy) solution prepared in ultrapure water and left to dry. Slides were manually analyzed under optical microscope using the 20 × of magnification. Cells were scored and the results were analyzed by calculating the bi-nucleated micro-nucleated cells frequency as the number of bi-nucleated cells containing one or more micronuclei per 1000 bi-nucleated cells. All reagents used for this test were supplied by Sigma-Aldrich, Milan, Italy.
The Nuclear Division Index (NDI) was calculated as
, where: MN = mono-nucleated cells; BN = bi-nucleated cells with or without micronuclei; PN = polynucleated cells. Results were expressed as number of bi-nucleated micro-nucleated cells on 1000 bi-nucleated cells counted ± sem (BNMN‰ ± sem).
Statistical analysis was conducted by Fisher's exact test [26] to identify statistically significant differences between solvent control and NPs-treated samples. Only p < 0.05 values were considered statistically relevant.
Results

Ag NPs characterization
Size distribution and Z-potential of nanoparticles stock suspensions diluted in MilliQ water are reported in Table 2 . All the suspensions were monodispersed showing a PdI < 0.174 and their sizes corresponded to those declared after synthesis, except NM-300 that was poly-dispersed with a PdI of 0.502 (PdI > 0.3 is usually considered as the index of polydispersion in accordance with the ISO directive 22412:2008E). The Z-potential values confirmed these results and only NM-300 was found not electrostatically stable ( Table 2 ). The mean NPs diameters measured by the Nanoparticle Tracking Analysis System were generally smaller in comparison with those observed by DLS ( Table 2 ). The comparatively large value reported for NM-300 by Nanoparticle Tracking Analysis System can be related to the limit of detection of the method, which is not reliable for nanoparticles typically below 30-50 nm depending on the NPs optical properties [27] [28] [29] . Results obtained for NM-300 size distribution by DLS were comparable with those previously observed [30] and indicate a polydispersity of the sample, and therefore an unreliable value of the size measured by DLS [31] . These results were complemented by TEM size distribution analysis and CPS, which indicate both an average diameter of 15-17 nm (see supplementary information).
Mean size distribution of Ag NPs suspensions was also analyzed in Balb3T3 complete cell culture medium at time 0 and after 24 and 72 h of incubation under standard cell culture conditions (Table 3) .
Overall, four samples were not mono-dispersed (PdI > 0.3): NM-300 diluted in MilliQ water, in Balb3T3 complete culture medium (24 and 72 h) and Ag 44 nm in Balb3T3 complete (72 h). All other samples analyzed appeared to be stabilized by serum proteins in complete culture medium maintaining very constant sizes during different incubation times (Table 3) . However, once diluted in complete culture medium, only Ag 100 nm maintained sizes similar to the stock suspension (101.6 ± 0.9 nm) at time 0 (121.1 ± 1.2 nm) and increased but remained stable after 24 h (146.4 ± 1.1 nm) and 72 h (147.5 ± 5.1 nm) of incubation. Ag 44 nm (44.9 ± 0.3 nm) and Ag 84 nm (83.7 ± 0.8 nm) immediately increased their sizes in culture medium (Ag 44 nm: 83.4 ± 2.3 nm; Ag 84 nm: 112.5 ± 0.9 nm) but remained almost stable after 24 and 72 h of incubation (Table 3) . NM-300 in culture medium maintained similar size (41.9 ± 10.6 nm) of the stock suspension (46.0 ± 1.31 nm) but after 24 h (147.3 ± 7.1 nm) and 72 h (117.8 ± 16.6 nm) it considerably increased (Table 3) .
In the stock suspensions, the metal impurities measured by ICP-MS were lower than the instrument detection limit. Concerning Ag quantification in stock suspensions, the nominal concentration, as reported in the Material and methods section, was confirmed for all Ag NPs stock suspensions; no Ag was detected in filtered fractions in samples of 10 µM, obtained by dilutions of Ag NPs stock suspensions in Balb3T3 complete culture medium and analyzed by ICP-MS after 0, 24 and 72 h of incubation under standard culture conditions.
Ag NPs cytotoxicity, genotoxicity and morphological neoplastic transformation
Cytotoxicity induced by Ag NPs was assessed by CFE on Balb3T3 cells after 24 and 72 h of exposure and the results were expressed, for each material, as CFE percentage of the respective solvent controls. All the NPs tested showed dose-effect relationships ( Figure 1A ). NM-300 and Ag 100 nm induced statistically significant toxicity already after 24 h of cell exposure at 1 µM (p < 0.001 and p < 0.05, respectively) and all the NPs tested resulted in significant toxicity at 5 and 10 µM of exposure ( Figure 1A) . After 72 h of exposure, NM-300 showed statistically significant toxicity at 0.5 µM (p < 0.05) and all the NPs resulted in significant toxicity at 2.5, 5 and 10 µM ( Figure 1B) .
Data obtained allowed determining IC50 values of 8 µM and of 1.5 µM at 24 and 72 h, respectively, for NM-300, showing a time-dependent toxic effect. For the other Ag NPs, IC50 values at 24 h were higher than 10 µM and after 72 h of incubation they corresponded to 1.7 µM for Ag 44 nm, 1.9 µM for Ag 84 nm and 3.2 µM for Ag 100 nm ( Figure 1G ). It is important to note that expressing Ag NPs concentration in µM, the smaller Ag NPs (Ag 44 nm and NM-300) resulted more cytotoxic than the bigger ones (Ag 84 and 100 nm) suggesting a size-dependent effect. On the contrary, if the Ag NPs concentration is expressed as number of particles per mL (number of NPs/mL), the doseeffect curves are shifted showing less toxicity induced by smaller Ag NPs (Figure 1C, D) . The IC50 values, expressed as number of NPs/mL, induced by NM-300 were 1.07 × 10 10 Table 3 Ag NPs characterization by dynamic light scattering of the stock preparations diluted at 100 µM in Balb3T3 complete cell culture medium at time 0 and after 24 and 72 h of incubation under standard cell culture conditions (37°C, 90% humidity, 5% CO 2 ). Figure 1G) , showing higher toxicity of the bigger NPs.
Nanoparticles
Expressing CFE data as a function of the NPs surface area, after 24 h the IC50 was only observed for NM-300, while after 72 h of exposure resulted almost the same for all the NPs (Figure 1E-G) . All the tested solvent controls, compared with the negative control, did not induce any statistically significant cytotoxicity after both 24 and 72 h of incubation (Figure 2) .
Our results of Ag NPs toxicity are in qualitative agreement with the works of Park et al. [32] and Carlson et al. [33] who found a larger toxicity of small sizes NPs when expressed in concentration, but a lower toxicity when expressed in number. The values of IC50 obtained in these two references are however much larger, the CFE test being much more sensitive than the classical tests such as WST, LDH or MTT. Furthermore, the different values reported can also be explained by the different cell lines used in these works.
The observation that cytotoxicity is lower when the NPs concentration is expressed by number per unit volume instead of µg/mL can be easily explained by simple analytical considerations. The normalized doseresponse curve observed in these experiments is of the general form [34] :
Where c and b are fitting parameters and x is the NPs concentration expressed in µg/mL. It can be easily shown that b = IC50 (µg/mL). The number N50 (in/mL -1 ) of NPs corresponding to IC50 can be easily derived and it turns out that: , it leads to much lower values of N50 when the NPs size increases, indicating a lower toxicity when using these metrics. This is indeed what we observe in our work, as well as in the two other references cited above, despite the very different conditions of the tests and cell systems evaluated.
Morphological transformation and genotoxicity
Ag NPs were investigated for their potential induction of morphological neoplastic transformation by CTA and geno toxicity by CBMN on Balb3T3 cells. The concurrent cytotoxicity and morphological transformation were assessed exposing cells to Ag NPs for 72 h at concentrations ranging from 0.5 to 5 µM and showing CFE% values higher, near and lower than the IC50 ( Figure 1B) The number of type III foci observed after cell exposure to Ag NPs was not enough to highlight a statistically significant result with respect to the appropriate solvent control (by Fisher's exact test). No type III foci were induced by neither the cell exposure to Ag 44 nm at 5 µM nor to Ag 100 nm at 2.5 and 5 µM (Table 4) .
Potential genotoxicity induced by Ag NPs was tested by the CBMN assay counting the micronuclei formed in binucleated cells after 24 h of exposure to Ag NPs 1, 5 and 10 µM. The number of micronuclei formed in bi-nucleated cells after Ag NPs exposure (Table 5) was not enough to obtain statistically significant results with respect to the appropriate solvent control.
The calculated NDI values ranged from a minimum of 1.2 (1.2 ± 0.09 for Ag 44 nm at 5 µM) to a maximum of 1.4 (1.4 ± 0.09 for the negative control, 1.4 ± 0.03 for the solvent control and 1.4 ± 0.07 for the mytomicin C), confirming that for each treatment at least one replication has occurred during the micronucleus test.
Discussion
In this work, four aqueous Ag NPs suspensions, with different NP sizes and stabilizing agents, were physicochemically characterized and studied to assess their potential cytotoxicity, induction of morphological neoplastic transformation and genotoxicity on Balb3T3 immortalized mouse fibroblasts model. The relevance of using this cell line for NPs toxicity studies is mainly due to the fact that it is used for the cell transformation assay (CTA), an alternative in vitro method to the use of animals and able to identify the morphological neoplastic transformation induced by chemicals and nanomaterials. The CTA represents a valuable support in identifying carcinogenic potential and improving the current state of Table 5 Number of micronuclei counted in 1000 bi-nucleated micro-nucleated cells containing one or more micronuclei induced by Ag NPs after 24 h of incubation. Mean of three independent experiments. predictive toxicology [23] . In addition, Balb3T3 are cells of the connective tissue and are present throughout the body in potential target tissues. As many of the available consumer products for skin contact application contain Ag NPs, fibroblasts could be considered target cells for them and Ag NPs (25 nm) penetration in damaged skin has already been observed [14] . The physicochemical characterization revealed that all Ag NPs considered in this study had a negative charged surface and were mainly mono-dispersed in MilliQ water. An increase in measured size was highlighted by DLS measurements in complete cell culture medium probably indicating the formation of a protein corona and supporting the theory of an immediate size-stabilizing role for the serum proteins [35] or simply due to the NPs aggregation caused by increased ionic strength in the media.
Nanoparticles
The available toxicity data on Ag NPs are often related to different cellular models, methods employed or different Ag NPs characteristics (surface charge, presence or not of coatings, size…). The toxicity induced by Ag NPs is frequently related to the presence of Ag ions as well as reactive oxygen species [2, 36] . The Ag ions released by the Ag NPs were not observed in our study at any of the incubation times investigated (0, 24 and 72 h). Our results are in accordance with what was found by Gaiser and colleagues (Ag NPs < 1% soluble) [37] . However, we have to hypothesize that no Ag ions were found in filtered fractions due to the ability of Ag NPs to react with chlorine [38] : Ag + released by Ag NPs can bind Cl -ions present in the cell culture media producing the silver chloride (AgCl) insoluble salt. This compound can be retained by the filter membrane used for the sample preparation, making Ag unavailable for the ICP-MS measurement. In addition, it is reported that variation of many chemical and physical parameters relative to the suspension, such as pH and temperature (e.g., due to the incubation conditions), can influence the release process from Ag NPs [39, 40] . Further investigations confirming AgCl presence in culture medium and allowing its quantification would be helpful to refine the release experiments and to clarify Ag NPs behavior in culture media but go beyond the scope of the present paper.
Ag NPs concentrations tested in this study were chosen taking into consideration data available in the literature and Ag NPs concentrations used are reported both as µM and as µg/mL, to allow comparison with data produced by other research groups. However, a comparison with the concentration of Ag NPs used in consumer products is complicated as information on the amounts of Ag NPs, their size as well as their aggregation/agglomeration state or their ion release in these products is often unavailable [41] .
Ag NPs in our study resulted in statically significant cytotoxicity, in comparison to the respective solvent controls, at both incubation times considered (24 and 72 h) while no cytotoxicity was observed for the solvents in the concentration range studied in comparison with the negative control. Based on the ICP-MS analysis of the stock suspensions, we did not observe the presence of metal impurities so their potential toxicity, which might influence the experiment outcome, was excluded. However, the cytotoxic effect of Ag NPs could be reasonably explained by the Trojan-horse mechanism, involving ion release by NPs inside the cell, as previously suggested for cobalt NPs that can easily release ions [20, 42] . After 72 h of Balb3T3 cells exposure to Ag NPs, the IC50 values were: 1.7 µM (0.18 µg of Ag/mL) for Ag 44 nm, 1.9 µM (0.20 µg of Ag/mL) for Ag 84 nm, 3.2 µM (0.35 µg of Ag/mL) for Ag 100 nm and 1.5 µM (0.16 µg of Ag/mL) for NM-300, respectively. After 24 h of treatment, only NM-300 showed an identifiable IC50 value at 8 µM (0.86 µg of Ag/mL), in the concentration range tested. The IC50 we found for NM-300 after 24 h of exposure is much lower than the one observed by Kermanizadeh and coauthors testing the same material on human renal (HK-2) cells by the EST-1 colorimetric assay [43] . In fact, in the same exposure conditions, they calculated IC50 of 31.25 µg/mL and 14.06 µg/mL in two different cell culture media [43] . Our result confirms the higher sensitivity of the Balb3T3 and the CFE assay in comparison with other cell lines and the colorimetric assay.
Results reported in this work suggest that the smallest Ag NPs (Ag 44 nm and NM-300) have a higher cytotoxic effect than the larger ones (Ag 100 nm), which may be reasonably due to their relatively larger surface area per mass unit and the consequent higher possibility to interact with cells although an indirect effect related to different surface compositions of the NPs prepared with different solvents cannot be completely excluded. In addition, if we express the NPs concentration considering the corresponding number of NPs per milliliter (number of NPs/mL) or surface area (cm 2 /mL), it would lead to different conclusions as for a fixed concentration the number of NPs/mL increases as the particle size decreases, causing the doseeffect curves to shift and showing less toxicity induced by smaller Ag NPs (72 h of exposure), or similar toxicity for all the NPs tested for the surface area (cm 2 /mL) expression, in the same exposure conditions. This observation highlights the need to agree on a standard way to express the amount of NPs used for the treatments and to allow comparison of data produced by different research groups [44] .
Cytotoxicity induced by Ag NPs of 6 and 20 nm tested in a range of concentration from 25 to 400 µg/mL on human lung fibroblasts (IMR-90) and human glioblastoma cells (U251) was attributed to oxidative stress, inhibition of the adenosine triphosphate (ATP) synthesis and damage to the mitochondrial membrane permeability with consequently disruption of its function [4, 12, 45] .
Moreover, similar effects were also observed after exposure of different mammalian cell lines to Ag NPs of selected sizes and physicochemical characteristics at concentrations ranging from 0.1 to 200 µg/mL [4] . Most of the published results report concentrations higher than those used in our work where the maximum concentration tested was 1.8 µg/mL. In addition, different endpoints such as cytotoxicity, oxidative stress, apoptosis, DNA damage and the related IC50 were calculated using colorimetric assays that are not recommended due to the potential interferences of nanomaterials with the reagents used to measure the end-points [4, 12, 18, 21] .
Concerning the carcinogenic potential of silver, the US Environmental Protection Agency reports Ag as belonging to group D, so "not classified as to human carcinogenicity" [46] . However, since Ag NPs are reported to be able to cause oxidative stress and inflammation, which could represent favorable conditions for genetic damage, it is important to assess the carcinogenic and genotoxic potentials of Ag NPs.
In this work, Ag NPs were investigated by CTA and CBMN assays using the Balb3T3 cell model for the evaluation of their morphologically neoplastic transformation potential and genotoxicity, respectively. Data indicated that none of the Ag NPs studied induce any significant type III foci or micronuclei formation compared to their solvent controls. Moreover, this study presents for the first time the CTA application to Ag NPs as, to our knowledge, no other studies on the induction of morphological neoplastic transfomation of Ag NPs by CTA were found in literature. Additional experiments including other methods both in vitro and in vivo are needed to complete the evaluation of the Ag NPs potential to damage DNA. In fact, neither in vitro nor in vivo experiments alone would allow a definitive comprehension of NPs toxicity, but exploiting the advantages offered by both these approaches in order to produce a coordinated in vitro -in vivo testing would make more meaningful NPs experimentation when considering long-term and repeated doses treatments [47] . The importance of such studies is confirmed by the fact that chronic exposure by subcutaneous administration of 1.75-2.5 mg/week of Ag NPs was observed to cause malignant tumors formation at the injection site in the 31% of the animals used for the experimentation which survived longer than 16 months, while no tumor was observed in rats treated by intramuscular injection [41] .
Studies on DNA damage induced by Ag NPs reported in the literature are mostly related to expression of DNA repair protein, micronuclei formation and DNA double strand breakage [4, 48] . For instance, different surface chemistries of Ag NPs with similar sizes (25 nm) are reported to induce DNA damage in mouse embryonic stem cells and mouse embryonic fibroblasts [49] . In particular, the authors observed that polysaccharide-coated Ag NPs exert higher DNA damage than the uncoated particles by measurements of the double strand breaks repair protein Rad51. This kind of test gives the possibility to measure the NPs induced genotoxicity by measuring cellular response (changes in the protein expression), and thus it would be useful as additional assay in genotoxicity studies involving the CBMN or the Comet assays, which instead measure the DNA alteration (micronuclei or DNA fragmentation).
Ag NPs < 50 nm were demonstrated to induce significant genotoxic effects on primary human mesenchymal stem cells (primary cells which are very proliferating) by Comet and chromosomal aberration tests at 0.1, 1 and 10 μg/mL [50] . For the NM-300 tested on human renal cells (HK-2) exposed for 4 h, it was observed dose-dependent DNA damage at concentrations of 3.9, 7.8 and 15 µg/mL, by Comet assay [43] . The chromosome aberration test can be performed in vitro or in vivo and is able to highlights alterations both of number and structure of the chromosomes in metaphase arrested cells. The advantage of this assay is to give information about the damaged chromosome which cannot be obtained for instance by CBMN or the Comet assay.
By contrast, in vivo studies involving oral administration of 30, 300 and 1000 mg/kg Ag NPs of 60 nm for 28 days in Sprague-Dawley rats have not highlighted any significant genotoxicity as micronuclei induction in erythrocytes of the bone marrow [47] . Based on the results related to the genotoxic potential of Ag NPs reported in the literature, it appears that further investigations, coupling other methods to CTA and CBMN, are needed to better understand the effect of Ag NPs.
Conclusion
In this work, we have shown that Ag NPs produced by different synthesis processes and of different sizes were mainly mono-dispersed in MilliQ water but not stable when dispersed in a saline environment such as the medium for cell culturing. These observations thus suggested that the cell would interact with particles as aggregates/agglomerates larger than 100 nm. Neither impurities in stock suspension nor ion leakage in culture medium were found for all the Ag NPs investigated. These findings indicated that the toxicity observed in the biological assays might be induced by NPs per se, even if a contribution by the ions released once the NPs are inside the cells cannot be excluded.
The four Ag NPs studied by CFE have shown a different cytotoxic potential on Balb3T3 fibroblasts, depending on the NPs size. The results indicate that the smallest NPs are the more cytotoxic for a given micro-molarity concentration. However, if the dose is expressed as the number of NPs per mL, the results indicate the smaller NPs being less toxic than the bigger ones for a given number. In addition, all the Ag NPs studied neither induced morphological cell transformation nor micronuclei formation, as assessed by CTA and CBMN, respectively. Nevertheless, to definitely discard the possibility that these NPs have cytotoxic and genotoxic potentials and be regarded as safe, further experiments, such as for example ROS measurements, and comparison with other methods both in vitro and in vivo would be of great interest.
